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Abstract  
Minor actinides constitute a significant contribution to the long term radiotoxicity of spent fuel. Their 
separation from spent fuel, fabrication and irradiation in homogeneous or heterogeneous reactor 
recycling modes provides a means to dramatically reduce their impact. Several challenges must be 
overcome in the separation and fabrication steps. Advanced robust fabrication processes are required to 
minimise dust and to produce fuels specifically designed to optimise their destruction through neut ron 
irradiation. At the Institute for Transuranium Elements fabrication routes based on sol gel and 
infiltration have been developed to meet these demands. Dedicated fuels and targets have been 
produced and their irradiation behaviour is being tested. Fuels based on MOX and UO2 are being tested 
with respect to Gen IV fast reactor initiatives. Furthermore, dedicated minor actinide transmutation 
fuels based on the inert matrix concept (e.g. (Zr,Y,Am)O2 and Mo based (Pu,Am)O2 composite fuels) 
have been produced for application in the double strata concept, whereby the minor actinides should be 
transmuted in an ADS. Achievements and current status of these programmes are presented and 
discussed in this paper. 
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1. Introduction 
    The worlds electricity demand increases, while the abatement of ever increasing green house gas 
(GHG) emissions are at the fore front of energy policy across the globe. Considerable interest in 
renewable energies exist, and nuclear energy is again rising as a means to answer energy issues of the 
future. Several countries will deploy Generation III reactors, mainly based on advanced light water 
reactor (LWR) designs.  On the long term, however, the introduction of fast reactor fleets needs to be 
considered as this will enhance the energy obtained from the world's uranium resource by a factor of 20 
or more [1].  
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Fast reactors also provide a means for improved radioactive waste management. Fuel recycling is 
deployed to recover the valuable fissile material, so that it can be manufactured into fuel for irradiation 
in subsequent reactor cycles. The minor actinides (hitherto considered for disposal with the fission 
products (often in a glass medium)) can be recovered in the recycling steps also. They can be converted 
into a suitable fuel form for irradiation in the reactor system, where they are transmuted into fission 
products, with a significantly shorter half life. Thus, the long term radiotoxicity of the spent fuel is 
reduced from some 100,000 years to 300 years [2] (see figure 1). It should be stressed that deploy ment 
of such an advanced fuel cycle goes far beyond the state of the art, and significant R&D programmes 
are needed for its realisation.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.Radiotoxicity of spent nuclear fuel as a function of time  
Partitioning and transmutation strategies require fast neutron systems, which can take the form of a 
classical fast reactor, or an accelerator driven system (ADS). The latter can provide improved safety 
margins, as it uses a proton accelerator to generate neutrons by spallation following their collision with 
a suitable target. The R&D needed to enable the deployment of such minor actinide management 
systems is considerable. Recycling processes must go beyond today's capabilities, which are now 
largely restricted to the recovery of Pu and U by the PUREX process. The liquid to solid conversion 
step from the reprocessing solutions to solid fuel and its subsequent shaping into suitable form for 
irradiation is also a demanding step, when minor actinides are to be processed. Fuel qualification 
programmes are lengthy and must be made under normal and transient conditions.   
Europe has developed a novel approach to enable completion of the R&D needed for these 
programmes. European stakeholders have come together to form the so called "Sustainable Nuclear 
Energy Technology Platform or SNETP". This conglomeration of European organisations has 
produced a vision document, a Strategic Research Agenda (SRA) and a Deployment Strategy, all of 
which are publically available on its website (www.snetp.eu). Fuel is a cross cutting component for the 
reactor systems, and the SRA in this area foresees three main themes  
 Fabrication and fresh fuel property determination  
 Integral irradiation testing  
 Separate effects and modelling / s imulation  
 
The plan for the development of these fuels for demonstration and commercial deployment is shown 
in Figure 2. 
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Fig.2.Fuel Development plan within the SNETP SRA  
2. Fuel requirements and properties  
The fuel or target (defined as a fuel containing no fissile isotope) can be designed, based on various 
fuel cycle strategies. Minor actinides can be recycled in a homogeneous mode, where in all the 
reactor fuel should contain between 2 and 5% MA. Such a homogeneous MA recycling mode is 
particularly attractive, when group actinide reprocessing and conversion is performed. In this way, 
the proliferation risk associated with the closed fuel cycle is reduced, significantly.  
Heterogeneous reactor recycling of minor actinides in fast reactors requires higher minor actinide 
concentrations, up to 20% is considered. Such fuels are often referred to as dedicated MA bearing 
targets. Their loading is foreseen in fuel assemblies near the periphery of the core, with the 
remainder of the core occupied by standard driver fuel. The targets bearing the minor actinides 
should be U based, in order to establish sufficient breeding gain for self generation of Pu. The dual 
strata concept is a particular heterogeneous recycle mode, which foresees dedicated reactors for the 
transmutation of minor actinides emanating from other reactors. Deployment of dedicated 
transmutation systems (e.g. ADS) may enable high transmutation rates, for which inert matrix fuels 
(IMF), i.e. uranium-free fuels, are favoured. In such fuels, transmutation of Pu and minor actinides 
(MA) is more efficient as their activation source (
238
U) is eliminated.   
Naturally, economics and reactor loading cycles are favoured by high burnup, regardless of the fuel 
type. Thus the fuel is subjected to heavy demands on its performance, in view of the concomitant 
high fission-gas and helium production, fuel swelling, and chemical and mechanical fuel cladding 
interaction. Such conditions go beyond the levels achieved for existing fast reactor fuels. Table 1 
provides some of the main properties of candidate fast reactor fuels. Due to their high density, 
metallic, carbide and nitride fuels exhibit favourable core physics, in terms of breeding gain, 
doubling time and Pu inventories per unit energy produced. Oxide and metallic fuels operate at about 
80% of their melting point. In contrast, carbide and nitride fuels operate at temperatures 
corresponding to about 40% of their melting point, providing a much higher margin to melting. 
Nevertheless, neither carbide nor nitride fuels have been deployed on a large scale, as they are 
difficult to fabricate, knowledge of irradiation performance is limited, and concerns about th eir 
vaporisation exist. For these reasons oxide despite its poor thermal conductivity has been the 
prioritised fuel in Europe. Nonetheless, programmes on nitride and carbide fuels continue, but with a 
lower priority.  
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Table 1: Properties of metallic, oxide, nitride and carbide fuels  
 
 
 
 
 
 
 
 
 
 
3. Fabrication of MA bearing fuels  
The greatest industrial experience exists for UO2fuels for the Light Water Reactors (LWR). MOX fuel 
is fabricated in glove boxes with steel or lead shielding, and has been mastered at the industrial level, 
with highly automated plants operating in France and the UK. Fabrication of advanced fuels bearing 
minor actinides requires extra biological protection in the form of lead (for gamma radiation) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. The sol gel external gelation process and its parameters 
 
Fuel  Metal  Oxide  Nitride  Carbide  
Metal density 
(g.cm-3)  
14.1  9.3  13.1  12.4  
Melting Point 
(K)  
1350  3000  3035  2575  
Thermal 
Conductivity 
(W.m-1K-1)  
16  2.3  26  20  
Centreline 
temperature 
(K)  
1050  2350  1000  1000  
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and water (for neutron radiation). Unlike todays MOX plants, operator intervention will most likely 
require remote operation. These challenges certainly favour process simplification and automation. The 
fabrication process should not generate dust, as it collects on the surfaces of the glove boxes and the 
installed equipment therein, and thereby immediately hinders operator intervention, almost certainly 
necessitating deployment of full hot cell technologies. For these reasons, dust -free fabrication has been 
and continues to be a long term development programme at the JRC-ITU [3] where processes based on 
sol gel and porous bead infiltration techniques have been demonstrated. The sol gel external gelation 
process, shown in Figure 3, permits group conversion of the actinides, and was successfully used for 
the fabrication of a number of fuels in the SUPERFACT irradiation programme (see Figure 4). 
Excellent quality pellets were obtained.  
 
 
 
 
 
 
 
 
Fig.4.Ceramograph of the (U0.74,Pu0.24,Am0.02)O2 fresh fuel (SUPERFACT)  
IMF fuels based on yttriastabilised zirconia (YSZ) have been fabricated by an alternative innovative 
method [4,5], whereby the sol gel process is used to prepare highly porous beads (see figure 5), into 
which an Am nitrate solution is infiltrated. Subsequent thermal treatment to convert the Am nitrate to 
oxide, followed by powder compaction and sintering steps yield the product pellet. Figure 5 shows 
pellets made by this process for irradiation in the HFR Petten (as a part of the HELIOS irradiation 
programme). The infiltration process is simpler than the sol gel process and eliminates MA bearing 
liquid wastes. A solid solution, as determined by XRD, of all components is also obtained. Recent tests 
at JRC-ITU have shown that (U,Am)O2 targets with 20% Am can be prepared by this route [6]  
The properties of the fuel can be tailored using composite materials, whereby the ceramic fissile phase 
is diluted in a host with a particular quality – often its thermal conductivity. Thus, Mo based 
CERMETS provide many advantages such as a higher actinide loading while maintaining a given 
margin between fuel operating and melting temperature, or conversely the same actinide loading will 
provide an increased margin to melting, or indeed thicker pins can be deployed to improve the reactor 
core design. Strategic choice of the size of the fissile particles and their volume concentration will limit 
the volume of the matrix exposed to damage by fission products. The inclusion size, however, should 
not exceed 150 μm, to avoid excessive temperatures in the fissile particle itself. An example of such a 
composite fuel is shown in Figure 6 for a ceramic metallic (CERMET) composite.   
Figure 6: 86% vol Mo-(Pu0.8Am0.2)O2 CERMET fuels  
4. Irradiation testing of minor actinide bearing fuels in Europe  
Irradiation experiments are absolutely essential for fuel qualification, and most unfortunately there is a 
paucity of such tests on MA bearing fuels. A milestone experiment was and remains SUPERFACT, a 
joint JRCITU / CEA irradiation experiment in the Phénix reactor [7]. Indeed, it is the only experiment 
to demonstrate full MA recycling. Two of the fuels had low MA contents namely 
((U0.74Pu0.24Am0.02)O1.973 and (U0.74Pu0.24Np0.02)O1.973) consistent with homogeneous reactor recycling 
of MA. Two others had high MA contents, explicitly ((U0.55Np0.45O1.996 and (U0.74Np0.21Am0.19)O1.926) 
consistent with heterogeneous reactor recycling of the fuels in dedicated targets. The linear power of 
the Pu bearing fuel decreased from 380 to 320 W.cm
-1
 during irradiation, which is similar to that  
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expected for standard MOX fuel. In contrast, the dedicated targets, characteristic of heterogeneous MA  
recycling exhibited an increase in power from 170 to 280 W.cm
-1 
during irradiation [8].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.PuO2 beads for infiltration and a (Zr,Y,Am)O2-x       Figure 6: 86% vol Mo-(Pu0.8Am0.2)O2 CERMET fuels 
fuel pellet  
 
 
Table 2: FUTURIX FTA Irradiation Test in Phenix  Table 3:HELIOS Irradiation test in HFR 
Petten 
 
 
 
 
 
 
 
 
 
 
Fabricant  Fuel Composition  
  
DOE1  U0.24Pu0.2Am0.03Np0.01Zr0.52  
DOE1  Pu0.29Am0.07Zr0.64 
DOE1  U0.5Pu0.25Am0.15Np0.10N  
DOE1  Pu0.23Am0.04Zr0.73N  
ITU5  Pu0.80Am0.20O2-x + 86vol%Mo 
ITU6  Pu0.23Am0.24Zr0.53O2-x + 60 
vol%Mo 
CEA7  Pu0.5Am0.5O2-x + 80 vol%MgO 
CEA8  Pu0.8Am0.2O2-x +75 vol%MgO 
Fabricant  Composition  
CEA1  Am2Zr2O7 + MgO 
ITU2  (Zr,Y,Am)O2 
ITU3  (Zr,Y,Pu,Am)O2 
ITU4  (Zr,Y,Am)O2 + Mo  
ITU5  (Pu,Am)O2 + Mo  
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Post Irradiation Examination (PIE) data, shown in Fig. 7, reveal central hole formation in the 
homogeneous fuel operated at high linear power, just as observed for the equivalent MOX fuels. 
Fission gas release rates (60-80% of that produced) were also in good agreement with standard fuels 
MOX fuels deployed in the same assembly of the SUPERFACT experiment. The high concentration 
of americium in the (U0.60Np0.20Am0.20)O2fuel led to a striking increase of the fuel column length and fuel 
pin diametrical deformation. Furthermore, this pin exibited high helium production fully consistent 
with the observed fuel swelling. The transmutation efficiency in both heterogeneous and 
homogeneous fuels was about 30% [9], which clearly shows that multiple actinide recycling will be 
required. 
The last decade has seen a strong concentration of irradiation testing on inert matrix fuels. This fuel 
choice was largely driven by the need to deploy dedicated Puand MA burners as a strategic tool for 
the management of LWR spent fuel. With the change of emphasis towards sustainable nuclear energy 
and the concomitant deployment of advanced Gen IV fast reactor systems, one might expect greater 
attention on U based fuels . Nevertheless the double strata option is as pertinent as ever, and even 
today, these fuels are a focus of attention. Due to the lengthy periods needed to test the fuels, results 
from the various irradiation testing programmes are sparse, with much PIE awaited in the coming 
years. The fuel compositions of key experiments in the Phénix and HFR Petten reactors are shown in 
Tables 2 and 3. 
 
Fig.7.Ceramographs of (U0.74Pu0.24Am0.02)O1.973 fuel and (U0.74Np0.21Am0.19)O1.926 target irradiated in the Phenix 
reactor (SUPERFACT experiment)  
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5. Conclusion  
Closing the nuclear fuel cycle has only been demonstrated to a very limited exten t. Fast reactors in 
Europe have been fuelled with MOX fuel. The incorporation of minor actinides in the fuel is essential 
to reduce the radiotoxicity of the waste and the thermal load in the repository. This is a demanding step 
and is being tackled in various R&D programmes in Europe and worldwide. Fuel fabrication will 
require process simplification and automation, and a concomitant reduction in waste and scrap 
handling. Straightforward conversion routes from the reprocessing streams are required to produce  
flowable dust free powders, that can readily be compacted into product pellets. Dedicated irradiation 
tests are needed to select and qualify the optimum fuel compositions and microstructure, for its use 
under both normal and transient conditions  
The fulfilment of these goals will require significant financial investment and time (see Figure 2). The 
last years have seen a considerable development in theoretical and simulation methods which will 
continue. The deployment of such methods to tackle issues facing the fuel cycle is only now at its 
onset. The expectations are great, and there is a need to couple these advances to separate effect studies 
to improve the detailed understanding of the physical, chemical and mechanical processes, 
underpinning the behaviour of the fuel in pile.  
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